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PLASMA ACCELERATION BY A CLOSED-CIRCUIT HALL CURRENT
A. V. Zharinov and Yu. S. Popov
ABSTRACT. The work considers certain physical aspects
of a plasma accelerator with a closed circuit Hall current.
INTRODUCTION
A series of works (refs. 1-4) have recently appeared devoted to plasma 294 *
accelerators with a closed circuit Hall current. An accelerator of this type
represents a coaxial element with a radial magnetic field and an axial electric
field. The Hall current is closed in the azimuthal direction. In order that
the electric current flowing through the accelerator be primarily a Hall cur-
rent it is necessary that the following condition be satisfied: wT>>1, where
w=§% is the electron gyrofrequency and T is the relaxation time of the electron
impulse.
The magnetic field H and the axial dimension LI of the accelerator are se-
lected in such a way that p+>>L(p+ is the Larmor ion radius), and it can be
assumed that the magnetic field does not affect the ions. The ions are ac-

celerated by the axial electric field. It is of interest to consider certain
physical aspects of such an accelerator.

SECTION 1. THE EQUILIBRIUM OF FORCES IN THE
ACCELERATOR

In the stationary case we can write the following equilibrium condition
for the electron gas

ﬁ-n,E+ﬁ[ij]+—f;Vp+—f-:o.\ (1.1)

Here n, is fhe concentration of electrons; E=Vg is the electric field in-
tensity; jzneve is the density of electron current; p=eneTe is the electron
' pressure; Te is the temperature expressed in units of the potential; e0 is the
elementary charge.

We shall select the system of coordinates in such a way that the electric
field is directed opposite to the x axis while the magnetic field is directed

along the z axis and the electron drift takes place in the direction of the y axis.
¥““5"‘-‘
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Then we have
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where
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From (1.2), by taking into account equations

d2 1.6

S=dre(n,—n), (1.6)
dH__dre . 1.
¢ Iy ( 7)

when wT>1, and assuming that the ions are moving along the electrical field,
we find the following expression for the density f of the impulse carried away

by the ions:

H?_H‘Z E‘_’_52 .
f:po"‘p1+ 087: : 08.—. L .\,y (1‘8)

In equation (1.8) the subscript "0" designates the values existing at the
anode while the subscript 1 designates the values at the output from the ac-

celerator.

In the case when the magnetic field of the Hall current

M= Hy— H,="={ j,dx

Xy \

is small compared with the external magnetic field H

AH<LH,

it is more convenient to express the guantity f in terms of the Hall current

produced by the electric drift.
2



]:S”e%:—fdx. (l 9)
z;
Then we can write
__HI  E; 1.10
S= s, (1.10)

where it is assumed that the electric field at the output vanishes.
We finally have
]=j+?++ j+c."+c + 10’ \
(1.11)
Where j+ is the density of the ion current at the output; Py is the Larmor

lon radius due to the total application of the potential difference Py while

j+c and p+C are the density of the ion current formed in the z accelerator and

the average Larmor radius of the ions respectively.

r £ | (1.12)
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SECTION 2. POTENTTAT, DISTRIBUTION

When the pressure of the neutral gas is sufficiently low and when we can
neglect the contribution of secondary ions, formed in the accelerator, to the
concentration, we can write the following system of equations

i&-“vn \f (2.1)
de e
F— b dr__d 73] ! (2.2)
-]:‘— 110, dx d.r‘(n‘ l)} ’ ‘w
%?21 =dre {n, - th } r
7 Go—e ) o (2.3) /296



T,=Bs.. (2.4)
Here v,={sv,>n, 1is the frequency of ionization produced by the electrons;
0y is the concentration of neutral particles; o, is the cross section of ioni-

zation produced by electrons; 1>B>0, bu~ _e_ 451,
miw? |

In (2.1) we have neglected the drift of electrons along the magnetic field.
Equation (2.4) is valid when the values of P are sufficiently large, when we

can neglect the average energy loss associated with ionization, which, as we
know (ref. 5), does not exceed approximately 100 eV. In this case the ionization
frequency 2 is constant. For the sake of simplicity we shall also assume that

b, 1s constant.

We introduce the dimensionless variables

5— % t—X 5 T —J=z T
(P——?Or ﬁ—l ) ne“‘n. ] J—*j.y, T,—‘O’\
where
_f ef \7"__ P? |
I—_(w:mw?) _ V2 ,\\ ' (25)
nt— ;; i \
% (2.6)
j’—_:v_.n'l.\ (2'7)
In the future we shall drop the bar over the dimensionless variable.
Then in place of (2.1)-(2.4) we obtain
dj \
ZE=1) . (2.8)
\
., de 4
L de(’Tc)»\ (2.9)



ST = (2.10)
T,=39, (2.11)
__'n?__jo 0__‘1,-1mm'-’ “ . A .
where @=E=g n,=-7—75"'is the concentration of the electrons in the

. . . /2 |
"vacuum" state, when we can neglect the concentration of the ions, 10::":} 7%?m
is some characteristic current.

We write the boundary conditions in the form

?(0)=:—§(0):j(0):n, (so)':' o_\\ (2.12)

The condition
1 (5)=1, (2.13)

determines the length of the acceleration region or the thickness of the layer
close to the anode where we have the entire potential drop.

The wvalues E=0 and §=§O fix the beginning of the layer and the position
of the anode respectively.

By selecting the boundary conditions in the form (2.12) we thus conwider
the case of accelerator operation with a cold cathode when the Hall current
is generated as result of spatial ionization.

For the sake of simplicity we shall first consider the case B=0. Then by /297
eliminating j and n_ by means of (2.9) and (2.10), we obtain an equation for ¢

d? Y 1 r/ud? [

The primes in (2.14) designate differentiation with respect to .

When o = © we take into account (2.12) and (2.13) and obtain the following
for the "vacuum" state.

gz
Pracuum™ 3 (2.15)
€0 vacu =/2. (2.16)
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Assuming that o=0 in the zero approximation, we take into account (2.12)
and (2.13) and obtain the following from (2.1k):

E:ﬁerf(l/ '%‘lnvl—_i—?\’,\‘ ) (2.17)

. b

Eof—j\/ﬁ X

where

¥
z '

erf (_x) = v_'zf Se—-z! dt. ;
= 5 ‘

Substituting the resulting solution into the term which has been dropped
in (2.14) we find that its relative magnitude is of the order of o in the
entire range over which € and ¢ vary. As we can see from (2.10) the solution
when @ — O corresponds to a guasi-neutral layer, i.e. the positive space charge
of ions is compensated everywhere by the electrons and the accelerated current
is not limited by the space charge. More precisely (this is easy to show)

[An,|=|n, —n,|~n?<n"

In this case we have a double layer: %§=O when ¢=1. The thickness of the

g  layer compared with the thickness of the layer in the vacuum state §
0 0 vacuum

remains practically unchanged
g0:1'25§0vacuum'

The electron concentration at the anode does not a?proach zero but rather
tends to increase. In the case B=0 the boundary condition ne(§O)=O is no

dn
longer required because the derivative —< no longer appears in the system

(2.8)-(2.11). dg

The physical meaning of the fact that the layer thickness does not differ
too much from the vacuum case when ions are present, is illustrated by the
following simulated problem in which we do not assume guasi-neutrality. Let
us assume that the concentration of ions in system (2.8)-(2.11) is equal to
n,=yn, where y<l and B=0. Then for the boundary conditions (2.12)-(2.13),

excepting the condition ne(§O)=O, we haven,::ngin; ?::égfmﬂ §::;V§;We can see

that the presence of ions leads to an increase in the electron concentration by

a factor of

6 L-y

and that Ane=ne-n+=n2, i.e. the excess of electron concentration



is exactly equal to the "vacuum" concentration.

In this case the layer thickness and the potential distribution remain
unchanged since the generation and drift of electrons is proportional to their
congentration which remains constant over the layer.

Let us now take into account the electron pressure gradient. In this case [298
instead of (2.14) we have

d? o 7 . ® 1 .
S loVT =2 -
a0 T “’»/1_?}”"\/1_?*\
4 ) (2.18)
+ a{?”—“ 7 )+ .ﬁ'e“’} =0.
We write the expression for the current density when oo = O
5 (2.19)

0—p—(1-7)e,
J_‘ (1~?) \/l_———-? Ev

The coefficient in front of %9 contained in (2.19) becomes equal to O
when @=¢* 5

?t:]'-ﬁ Y“x (2.20)

On the other hand,

£
j= gn,ds> 0.
; ‘

This means that the first and second derivatives of the potential become
equal to infinity when ¢ - ¢*. Thus quasi-neutrality is disrupted at this
point. The electron pressure gradient increases so rapidly that the flux of
electrons produced by the electric field is compensated by the inverse flux
produced by the pressure gradient and the electron concentration increases
sharply.

We shall first consider the solution of (2.18) in the quasi-neutral region

O<ep<ep™*.

By introducing the new variable

y=%(2—ﬁ+3n)"\ (2.21)
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where \
1y
Vi—g " (2.22)

1

n—

equation (2.18) may be rewritten in the following manner when a=0:
1 =% N
@h+?@—wy—ﬁ0—$ﬂ=0\ ‘ (2.23)
The boundary conditions are as follows:
.ok
y(O)=1, (2.24)

yl(o):()"‘ (2.25)

The solution of (2.23)-(2.25) has the form

1
E:\/Z S {1 — 8§+ 57 (arch%——- arch %)—
y

&

19] =

—~(T=5:—5\V57 =53] * ds,

(2.26)
where S*=¢B(2-B).

The figure shows the potential distribution for different values of B. /299
The thickness of the quasi-neutral region £¥ when B=0.5 is E¥x0.7 and
©¥*=0.67.

It is necessary to take into consideration the condition ne(§O)=O in the

region ¢ = 1. Here we have another limiting case when we can neglect the
electron concentration: the motion of electrons ceases to have a diffusion
nature and there is a breakaway of electrons to the anode. The potential dis-
tribution in this region is determined by the ion space charge.

(&

1.
!

05+ t ‘ Figure. Potential distribution in the
1 quasi-neutral region for different
values of B. l)B=2/§; 2)B=O.5; 3)B=0

Thus when ¢ — 1 we have the following, in place of (2.10):



NASA TT F-10, 875

(2.27)

which gives us

Ef—&:%Vﬂl—?W- (2.28)

The size of the breakaway region is determined by the Larmor radius of

the "heated" electron and the accelerated ion current, in this manner, is
limited by the space charge.

Obviously the limiting current in this case is proportional to the square

of the magnetic field

Jo~ H*3,. (2.29)

In conclusion the author expresses his gratihde to V. S. Yerofeyev for

his wvaluable discussion of this work.

1

REFERENCES

Seikel, G. R., and Reshotko, E. Bull. Am. Phys. Soc., II, 7, 41k, 1962.
Lary, E. C., Meyerand, R. G., and Salz, F. Bull. Am. Phys. Soc., II,
T, 4k, 1962.
Pinsley, E. A., Brown, C. O., and Banas, C. N. J. Spacecraft, 1, 525,
196k,
Brown, C. O., and Pinsley, E. A. AIAA J., 3, 853, 1965.
Engel', A. Ionizovannyye gazy'(Ionized gases) Fizmatgiz , Moscow, 1959.

Translated for the National Aeronautics and Space Administration
by John F. Holman and Co. Inc.

WASHINGTON, D. C. 20045

NASw-1495



